Introduction
The Siamese crocodile (Crocodylus siamensis) constitutes an endangered species of freshwater crocodiles, which has been originally distributed throughout Southeast Asia. In Thailand, crocodiles are bred for commercial leather and meat production [1] , generating large amounts of crocodile blood as one of the major by-products [2] . Notably, crocodile blood contains a broad array of biologically active proteins and peptides with antimicrobial and antioxidant activities, which play a crucial role in the powerful innate immune system of crocodilians [3] . Recent studies of the Crocodylidae The hydrolysis of proteins constitutes an invaluable tool, granting access to a variety of peptide fragments with potentially interesting biological properties. Therefore, a hemoglobin (Hb) hydrolysate of Crocodylus siamensis was generated by digestion under acidic conditions. The antibacterial and antioxidant activities of the Hb hydrolysate were assessed in comparison with intact Hb. A disc diffusion assay revealed that the Hb hydrolysate exhibited antibacterial activity against eight strains of gram-positive bacteria and showed a higher efficacy than intact Hb. Moreover, the antioxidant activity of intact Hb and its hydrolysate was evaluated using ABTS and DPPH radical scavenging assays. The Hb hydrolysate exhibited free radical scavenging rates of 6-32%, whereas intact Hb showed a slightly higher activity. In addition, non-toxicity to human erythrocytes was observed after treatment with quantities of Hb hydrolysate up to 10 µg. Moreover, active fragmented Hb (P3) was obtained after purifying the Hb hydrolysate by reversed-phase HPLC. Scanning electron microscopy demonstrated the induction of bacterial cell membrane abnormalities after exposure to P3. Antibacterial and antioxidant activities play crucial roles for supporting the wound healing activity. Consequently, an in vivo mice excisional skin wound healing assay was carried out to investigate the effects of intact Hb treatment on wound healing in more detail. The results clearly demonstrate that intact Hb is capable of promoting 75% wound closure within 6 days. These findings imply that intact Hb of C. siamensis and its acid hydrolysate may serve as valuable precursors for food supplementary products benefitting human health.
Keywords: Crocodile hemoglobin, chemical digestion, antibacterial peptide, fragmented hemoglobin family, particularly focusing on C. siamensis, linked crocodile plasma and serum with antibacterial properties, as well as with an improvement of wound healing in mice models [4] . In addition, a leukocyte extract of C. siamensis was shown to exhibit antibacterial activity against Staphylococcus epidermidis, Salmonella typhi, and Vibrio cholerae [5] . More recently, two purified leukocyte extract peptides of C. siamensis were found to display strong antioxidant activity in the reduction of free DPPH radicals [6] . Jandaruang et al. [7] reported that C. siamensis hemoglobin (Hb) shows particularly high radical scavenging activity at pH 4.5, which may be related to an increase of β-strand secondary structure content under these conditions. In addition, fragmentation of Hb into short peptides by either acid-or enzyme-catalyzed digestion was found to improve the aforementioned biological properties of Hb even further. Using this approach, a variety of peptide hydrolysates possessing antibacterial and antioxidant activities have been generated by subjecting human Hb and Hbs of other species to enzymatic digestion [8] [9] [10] [11] . In this context, pepsin-digested Hb was demonstrated to be a source of peptides possessing antibacterial activity against gram-positive bacteria [11] . Therefore, it is not surprising that enzymatic hydrolysis has been used in the food industry for the preparation of hydrolysates with opioid activity [12] , antibacterial activity [5, 8, 10] , and antioxidant activity [13, 14] . However, despite the successful industrial implementation of enzyme-based methods, acid-catalyzed hydrolysis remains the primary and most extensively applied industrial method for protein fragmentation, as it is relatively inexpensive and simple to conduct [15] . Furthermore, acid hydrolysis of proteins proceeds via a random digestion pattern and is thus deemed suitable to generate a variety of different peptide fragments from a single common precursor compound. Consequently, the aims of this study were to evaluate the antibacterial and antioxidant activities of acid-digested crocodile Hb, which is presumed to contain numerous novel peptide fragments with potential biological activity. In addition, the mechanism of action associated with the antimicrobial activity of a particularly active Hb fragment (P3) was elucidated using scanning electron microscopy (SEM). Corroborated beneficial effects on the wound healing property of intact Hb were investigated in a mouse model.
Materials and Methods

Bacterial Strains
The bacterial strains tested in this study were Bacillus Isolation and Purification of Crocodylus siamensis Hemoglobin C. siamensis blood was obtained from Sriracha MODA Co., Ltd (Thailand). Crocodile blood samples were collected according to the method of Pata et al. [16] . After red blood cell isolation, Hb was extracted by the method of Jandaruang et al. [7] with slight modification. The purity of the extracted Hb was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) [17] .
Preparation of Hemoglobin Hydrolysate
Crocodile Hb (2. 
Purification of Active Fragmented Hemoglobin
Individual components of the hydrolysate mixture were separated by C4 RP-HPLC (4.60 × 250 mm, 5 μm pore size; Phenomenax Jupiter, USA), on a HPLC system equipped with a dual piston solvent delivery pump (Shimadzu Co., Japan) and a Waters 2487 Dual λ Absorbance Detector. The elution was performed using a mobile phase system of 0.1% trifluoroacetic acid (solvent A) and 60% acetonitrile in solvent A (solvent B). A linear gradient was applied with 0-67% solvent B for 30 min, then 67-87% solvent B for 35 min, and finally 87-100% solvent B for 20 min at a flow rate of 1 ml/min. The separation of the peptides was monitored spectrophotometrically at a wavelength of 220 nm. The peaks were pooled and dried by speed vacuum concentration (Savant Instruments, Inc., USA).
Protein Concentration Determination
The protein concentration was determined by the method of Bradford [18] , using bovine serum albumin as the standard.
Antibacterial Activity Determination
The antibacterial activity was determined using a disc diffusion assay [11] . Briefly, 10 7 CFU/ml of each bacterial strain was swabbed on nutrient agar (HiMedia Laborotories PvI. Ltd., India). After drying for 3-5 min, 6 mm paper discs were positioned on the agar plate, followed by pipetting of 30 μl of sample onto each disc. Afterwards, the plates were incubated at 37 o C for 5-6 h. The antibacterial activity was determined by measuring the diameter of the resulting clear zone. Double distilled water (DDW) and 10 μg of streptomycin were used as a negative and a positive control, respectively.
Antioxidant Activity Assays
ABTS radical scavenging assay. The ABTS (2,2'-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid)) radical scavenging ability was assayed according to the method of Memarpoor-Yazdi et al. [19] . ABTS radical cations were generated by mixing 7 mM ABTS stock solution with 2.45 mM potassium persulfate, and allowing the resultant mixture to stand in the dark at room temperature for 16 h. The ABTS radical solution was diluted in 5 mM phosphatebuffered saline (PBS), pH 7.4, to a 0.70 ± 0.02 absorption at 734 nm. One milliliter of diluted ABTS radical solution was mixed with 20 μl of intact Hb, Hb hydrolysate (final concentration 16-160 μg/ml), or active fragmented Hb (P3) (final concentration 20 μg/ml). The absorbance was measured at every 1 min until the completion of 10 min. The percentage of inhibition was calculated and plotted as a function of antioxidant concentration. As a positive control, 10 μg/ml Trolox was used.
DPPH radical scavenging assay. The determination of the antioxidant activity by the DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging assay was performed following the method of Srihongthong et al. [11] . Sixteen to 160 μg of protein were mixed with 1 ml of freshly prepared 1 mM DPPH solution and incubated in the dark for 30 min. The colorimetric change of the reaction was monitored at the absorbance (Abs) of 517 nm. The percentage of inhibition was calculated with the following formula:
] × 100.
Hemolytic Activity
The hemolytic activity of Hb hydrolysate was determined according to the method of Strub et al. [20] with minor modifications. After isolation of the erythrocytes by centrifugation at 1,000 ×g for 5 min, human red blood cells (HRBC) were washed three times with 10 mM sodium phosphate, pH 7.5, containing 0.9% NaCl (NaCl/Pi) and then adjusted to be 2% HRBC by NaCl/Pi. The hemolytic activity was determined in a 50 μl reaction volume. Five to 20 μg of Hb hydrolysate were prepared and added separately to the reaction solution. Then, the reaction mixtures were incubated for 30 min at 25 o C and centrifuged at 1,000 ×g for 5 min. After that, 30 μl of supernatant were diluted in 500 μl of water. The absorbance of the diluted solution was measured at 525 nm. The absorbance obtained after treating erythrocytes with only NaCl/Pi and 0.2% Triton X-100 were taken as 0% and 100%, respectively.
Scanning Electron Microscopy
SEM was performed according to the method of Lau et al. [21] with slight modifications. B. subtilis ATCC 6633 and B. subtilis TISTR 008 were grown in nutrient broth and harvested at the logarithmic phase by centrifugation at 3,000 ×g for 5 min. The bacterial cells were then washed twice with PBS, pH 7.0, and resuspended to a final concentration of 10 7 CFU/ml. Aliquots of suspension cultures (100 μl) were individually incubated with P3 at 37 o C for 2 h. Afterwards, 150 μl of bacteria culture was fixed with an equal volume of 5% (w/v) glutaraldehyde (Sigma-Aldrich, USA) for 1 h. The fixed cells were carefully pipetted and settled onto a 0.2 μm polycarbonate filter (Whatman, Germany) for 5 min and then washed twice with PBS buffer. The fixed material was dehydrated by rinsing repeatedly (for 15 min) with ethanol solutions of stepwisely increased concentration (30%, 50%, 70%, 90%, and 100%). The dehydrated material was dried in a critical point drier (CPD7510; Thermo VG Scientific, UK) with carbon dioxide as the drying agent. The dry material was coated by sputter coating (SC7620; Polaron, UK) with gold palladium and examined by SEM (LEO1450VP; LEO Electron Microscopy Ltd, UK) operating at 12-20 kV. The negative control was performed in a similar manner except that the bacterial cells were incubated with PBS buffer instead of the antibacterial agent.
Mass Spectrometry Analysis
LC-MS analysis was performed on a nano-LC (EASY-nLC II; Bruker Daltonics, Denmark) directly connected to a Hybrid Quadrupole-Time-of-Flight mass spectrometer (MicroTOF-Q II; Bruker Daltonics) with Captive Spray Ionization (Bruker Daltonics). An Easy-Column (10 cm, ID 75 μm, 3 μm particle size, C18) was employed as the analytical column together with a trapping column (2 cm, ID 100 μm, 5 μm particle size, C18). The sample injection volume was set to 2-3 μl (~500-750 ng of protein). The separation on the analytical column was achieved at a flow rate of 500 nl/min with a linear gradient from 5% of solution A (0.1% formic acid) to 55% of solution B (0.1% formic acid in acetonitrile) in 25 min and 80% of solution B in 25-30 min. The instrument was operated in positive-ion mode using a range of 50-3,000 m/z, with capillary voltage of the ion source, flow rate of dry gas, and dry temperature set to 1,500 V, 3.0 l/min, and 160 o C, respectively. The Bruker Daltonics software package, including microTOF Control ver. 2.3, HyStar ver. 3.2, and Data Analysis ver. 4.0, were used to control the MS (QTOF) device.
In Vivo Mouse Excisional Skin Wound Healing Assay
The experiment was performed according to the method of Jangpromma et al. [4] and Lodhi et al. [22] with some modifications. Female ICR mice (n = 12) were randomly divided into four groups, including three treated groups and one control group (no treatment). All mice were depilated on the back using a scraper and subsequently anesthetized by an abdominal pentobarbital injection. On the depilated back of the animals, one incision wound of 25 mm 2 was produced by cutting through the full thickness of the skin. The wound on the mouse back was treated with intact Hb, 0.05% prednisolone, or DDW every day (0-15 days). The wound area was measured by vernier calipers.
Statistical Analysis
Each data point represents the mean of three samples subjected to analysis of variance, followed by Duncan's multiple range test. Significance was accepted for p < 0.05.
Results and Discussion
Purification of Crocodile Hemoglobin
Crocodile Hb was partially separated using a Sephadex G-50 column [7] . The protein pattern of purified intact Hb was determined by SDS-PAGE and comprised three protein bands at 15, 16, and 30 kDa (data not shown). The purified crocodile Hb was hydrolyzed with 0.05 M HCl. After acid hydrolysis, the fragmented Hb was purified by RP-HPLC using a C4 column. The RP-HPLC chromatogram of intact Hb displayed in Fig. 1 indicates that a solvent signal (P1) and three major peaks (P2-P4) were obtained. The heme group was found to elute first, followed by the β-globin chain and, finally, the α-globin chain of intact Hb (Fig. 1A) , resembling previous reports of Srihongthong et al. [11] and Jandaruang et al. [7] . In addition, these observations are similar to those derived in the study by Hoffman et al. , which demonstrated that Hb consists of four polypeptide chains and four heme prosthetic groups, each comprising iron atoms in the ferrous state. Furthermore, the globintype protein consists of two sets of α-and β-chains, which in Alligator mississippiensis contain 141 and 146 amino acid residues, respectively. In contrast, the RP-HPLC chromatogram of Hb hydrolysate from acid digestion showed six peptide peaks (Fig. 1B) . Notably, the results differ from those reported by Daoud et al. [8] , who investigated the peptic digestion of bovine Hb at low degree of hydrolysis, yielding several intermediate peptide fractions after separation by RP-HPLC. These findings indicate that a different fragmentation pattern can be achieved by acid-catalyzed hydrolysis of Hb.
Antibacterial Activity
According to Srihongthong et al. [11] , intact crocodile Hb and its pepsin hydrolysate show higher antibacterial activity against gram-positive than gram-negative bacteria, especially against Bacillus strains [11] . Therefore, we decided to screen the antibacterial activity against selected Bacillus strains in the present study. The antibacterial activity of intact Hb, Hb hydrolysate, and each fraction of purified Hb were tested against eight gram-positive bacteria ( Table 1 ). The results demonstrated that the intact Hb and Hb hydrolysate showed antibacterial activity against all tested Bacillus strains and strongly inhibited B. subtilis at high protein concentration (5 μg/μl). The degree of antibacterial activity of Hb hydrolysate was found to correlate with the
Fig. 1. Chromatograms of intact hemoglobin (A) and hemoglobin hydrolysate peptides of Crocodylus siamensis (B) upon RP-HPLC (C4 column).
The mobile phase was 0.1% trifluoroacetic acid (TFA) as solvent A and 60% acetronitrile in 0.1% TFA as solvent B.
concentration of the protein ( Fig. 2A) . We further observed that Hb hydrolysate displays a higher antibacterial activity than intact Hb, suggesting that Hb hydrolysate contains several active fragmented peptides (Table 1) . Srihongthong et al. [11] reported that intact Hb from C. siamensis and its pepsin-digested fractions exhibit antibacterial activity against four additional bacterial strains (B. amyloliquefaciens TISTR 1045, B. subtilis TISTR 008, B. subtilis ATCC 6633, and B. pumilus TISTR 905). Similar to these results, acidhydrolyzed Hb was found to be capable of inhibiting the growth of all tested bacteria (Table 1 ). In addition, each peptide fraction of the purified hydrolysate was tested for its antibacterial activity (Fig. 2B) , indicating that, in fact, only P3 shows strong antibacterial activity against B. subtilis ATCC 6633 (Fig. 2B) . Furthermore, previous reports established that enzyme-digested Hb, such as human betachain [5] , human menstrual blood [9] , and bovine Hb [8, 10] , displays higher antibacterial activity than intact Hb. Therefore, the present work is the first report of antibacterial activity on the Siamese crocodile acid Hb hydrolysate.
Antioxidant Activity Assay
The antioxidant activity of intact Hb, Hb hydrolysate, and P3 was determined by ABTS and DPPH radical scavenging assays (Fig. 3) . The results showed that the ABTS and DPPH radical inhibition exerted by intact Hb and Hb hydrolysate occurred in a dose-dependent manner. The highest antioxidant activity in the ABTS and DPPH radical scavenging assays was observed at a concentration of 160 μg/ml of intact Hb and Hb hydrolysate, scoring 40.7% and 32.3% of ABTS radical inhibition, as well as 7.5% and 6.1% of DPPH radical inhibition, respectively (Figs. 3A,  3B) . Notably, P3 displayed a higher antioxidant activity in both the ABTS and DPPH radical scavenging assays than the intact Hb at the same concentration (20 μg/ml of protein), with respective degrees of inhibition of 8.6% and 4.1% for ABTS, and 7.5% and 1.9% for DPPH radicals (Fig. 3C) . The results of antioxidant activity were correlated to those of Srihongthong et al. [11] , which reported the antioxidant activity of intact and pepsin-hydrolyzed Siamese crocodile Hb, respectively. It is suggested that the differences in antioxidant activity of P3 and previously + represents inhibition zone of 6-8 mm.
++ represents inhibition zone of 9-10 mm.
+++ represents inhibition zone of 11-15 mm.
Fig. 2. Antibacterial activity of C. siamensis hemoglobin (Hb).
Degree of antibacterial activity of Hb hydrolysate toward B. subtilis ATCC 6633. N: negative control; P: 10 µg of streptomycin (A). Antibacterial activity of active fragment Hb (P3) toward B. subtilis ATCC 6633. N: negative control; P: 10 µg of streptomycin (B).
reported peptides might arise from the differences in amino acid composition. Supporting evidence was established by Li et al. [23] , who found that alcalase-hydrolyzed porcine Hb exhibited higher DPPH radical scavenging activity than native Hb. It was suggested that low-molecular-weight Hb hydrolysates possess higher DPPH radical scavenging activities than their high-molecular-weight analogs, which is in agreement with previous studies reporting higher antioxidant activity for small peptides than for large peptides and proteins [14, 23, 24] . The origin of the antioxidant property of crocodile Hb has been attributed to the presence of certain amino acids in their primary structure, such as Val, Leu, Pro, His, Tyr, Trp, Phe, Cys, Glu, Asp, Lys, and Arg [11] . Consequently, the antioxidant activity of Hb hydrolysate and P3 from crocodile Hb may, in a similar fashion, originate from amino acid residues with antioxidant properties present in their primary structures.
Hemolytic Activity Assay
The hemolytic activity of Hb hydrolysate was tested towards human erythrocytes. Five to 20 μg (in final volume 50 μl) of Hb hydrolysate were incubated with 2% (w/v) HRBC. The absence of hemolytic activity for hydrolysate quantities up to 10 μg was taken as evidence that these peptides were non-toxic against HRBC, even when used in high quantities (Fig. 4) . Similar results were reported by Daoud et al. [8] , who found that the α107-136 peptide from the digestion of bovine Hb at concentrations from 76 to Negative and positive control were 2% human red blood cells (HRBC) in 0.9% NaCl and Triton X-100, which were taken as 0% and 100%, respectively. Each volume is expressed as the mean ± SD. Different letters (a-d) on the top of individual bars indicate statistically significant differences (p < 0.05) compared with 2% HRBC + Triton X-100.
380 μM (concentration up to three times of minimal inhibitory concentration) showed no hemolytic activity towards bovine erythrocytes.
Scanning Electron Microscopy
The effects of P3 on B. subtilis ATCC 6633 and B. subtilis TISTR 008 cell membranes were investigated by SEM (Fig. 5) . Untreated cells were found to be uniformly spherical in shape with a smooth surface (Figs. 5A, 5D ). On the other hand, cell membranes of bacteria treated with P3
were characterized by formation of a rough surface, caused by blebs on the membrane (indicated by arrows) (Figs. 5C,  5F ). It was further observed that the blebs on the bacterial cell surface formed in a time-dependent manner. The results are in excellent agreement with similar observations reported in a study covering pepsin-digested crocodile Hb [11] . Therein, it was suggested that the active fragmented Hb (P3) acts on the cell surface by perturbing the permeability of the membrane in a time-dependent manner. The observations further coincide with the actions of other antimicrobial peptides, such as bactenecin 5, bactenecin 7, poly-L-lysine, cecropin B, LL-37, PGYa, melittin, Hecate-1, and SMAP-29 [25] [26] [27] [28] [29] [30] .
Molecular Mass Distribution
The antioxidant properties of protein hydrolysates were previously found to correlate with their respective molecular mass distribution [31] . An example was reported by Sun et al. [32] , who determined a molecular mass of 1,042 and 2,476 Da for two fractions from porcine Hb hydrolysate displaying antioxidant activity. In this context, chromatographic molecular weight determination was performed for P3, indicating a mass range between 390 and 1,100 Da for P3 (Fig. 6) . In the present study, peptide fractions with a molecular mass of 180 to 3,000 Da are probably associated with higher antibacterial and antioxidant activity. With respect to the aforementioned reports, this result indicates that acid hydrolysis of Hb is capable of generating peptide fragments that are of appropriate size to possess antioxidant and antibacterial properties. This information is in agreement with the studies of Jeon et al. [33] and Kim et al. [3] and further supports the fact that functional aspects of antioxidant peptides are highly influenced by properties such as the molecular mass.
In Vivo Mouse Excisional Skin Wound Healing Assay
The effect of the treatment of mouse excisional skin wounds with intact Hb was assayed by in vivo measurement of the wound surface area. Measuring the distance between wound surface area edges revealed an enhancement of the wound healing process in most of the intact Hb-treated wounds at days 3, 6, 9, 12, and 15 (Fig. 7A) . The result showed that the intact Hb-treated wound area was significantly reduced by 75% within 6 days (Fig. 7B) . In contrast, the control group showed a reduction of wound surface area of only 66% (Fig. 7B) . A previous report demonstrated that plasma and serum of C. siamensis exhibited an improvement of wound healing in the mouse model [4] . Apart from that, intact Hb and enzymatic Hb hydrolysate were also found to display excellent antimicrobial, antioxidant, and anti-inflammatory activities [2, 7, 11] . In the present study, high antibacterial and antioxidant activities could be observed for both intact and acidhydrolyzed crocodile Hb. Taken collectively, these findings suggest that crocodile Hb might fulfil other important biological roles apart from oxygen and carbon dioxide transport. Wound healing represents a complex process for restoring tissue from inflicted injury [1] , involving three major phases. In general, inflammation marks the first stage in the wound healing process and is followed by a proliferation and a remodeling stage [1] . The inflammatory phase begins at the time of injury and lasts for 24 to 48 h [34], during which not only pro-inflammatory cytokines but also large amounts of reactive oxygen species are produced in the affected tissue [35] . Phosri et al. [2] reported that the anti-inflammatory effect of C. siamensis Hb might be related to the inhibition of nitric oxide synthase production, leading to an inhibition of nitric oxide secretion. It thus appears plausible that crocodile Hb exhibits wound healing activity by antibacterial, antioxidant, and anti-inflammatory actions as well as by increasing the oxygen consumption rate around the wound site [36] .
In summary, intact Hb, Hb hydrolysate, and P3 were found to exhibit substantial antioxidant activity, as well as antibacterial activity, against gram-positive bacteria, especially Bacillus spp. The killing mechanism of P3, revealed by SEM, involves the induction of abnormalities on bacterial cell membranes. The related mechanism of antibacterial action probably involves cellular membrane perturbation. Based on its antibacterial, antioxidant, and anti-inflammatory activities, crocodile Hb was also found to play an important role in the acceleration of the wound healing process. Owing to their highly interesting biological properties, a future use of peptides derived from crocodile Hb as components of functional foods and health supplementary products is strongly suggested.
